ABSTRACT We used phosphorus-3 1 nuclear magnetic resonance to test the ability of a perfluorocarbon blood substitute that has been shown in previous studies to improve oxygen delivery to hypothermic myocardium to maintain aerobic high-energy phosphate metabolism during total global ischemia. Twenty-three isolated perfused rabbit hearts were subjected to 180 min of hypothermic (230 C) global ischemia followed by 45 min of normothermic reperfusion. Hearts received multiple doses of a cardioplegic solution that contained either oxygenated perfluorocarbon (Fluosol 
pHi and PCr rapidly returned to control values in all groups. Recovery of ATP content after reperfusion paralleled recovery of left ventricular function, while recovery of PCr did not. These results demonstrate the ability of an oxygenated perfluorocarbon blood substitute to (1) prevent the development of intracellular acidosis, (2) maintain ATP and phosphocreatine levels during prolonged periods of hypothermic global ischemia, and (3) reduce the accumulation of inorganic phosphate. Thus the addition of oxygenated perfluorocarbons to multidose hyperkalemic cardioplegia appears to permit sustained aerobic metabolism despite total global ischemia. Perfluorocarbons may provide additional myocardial protection for patients with compromised left ventricular function who require prolonged periods of elective ischemia while undergoing cardiac surgery. Circulation 69, No. 3, 585-592, 1984. OUR PREVIOUS WORK has demonstrated the effectiveness of multiple doses of a hyperkalemic cardioplegic solution for improving myocardial metabolism during global ischemia as well as for improving recov- ery of left ventricufar function after reperfusion. Mass spectrometry allowed measurement of myocardial carbon dioxide and oxygen tensions during ischemia and reperfusion.' Phosphorus-31 nuclear magnetic resonance (31P NMR) allowed us to serially measure myocardial ATP, phosphocreatine (PCr) , and inorganic phosphate (Pi) content as well as to monitor intracellular pH (pHi).2 Using these combined approaches we were able to demonstrate that multiple-dose cardioplegia resulted in lower intramural carbon dioxide tensions, less severe intracellular acidosis, and less depletion of high-energy phosphate stores compared with single-dose cardioplegia during an equivalent period of global ischemia. Recovery of left ventricular function paralleled preservation of ATP content after reperfusion and/or prevention of intracellular acidosis during ischemia.
The present study was designed to test the hypotheses that pHi and high-energy phosphate content would be even better maintained if aerobic metabolism could be sustained during ischemia by use of a cardioplegic solution containing oxygenated perfluorocarbon.
Materials and methods
Perfusion. Female New Zealand white rabbits (1.2 to 2.0 kg) were heparinized and anesthetized; their hearts were removed and quickly placed in cold (40 C) saline (150 mM sodium chloride). The ascending aorta was cannulated and the hearts were perfused with a modified Krebs-Ringer bicarbonate buffer solution containing 117 mM sodium chloride, 6 mM potassium chloride, 3.0 mM calcium chloride, 1.0 mM magnesium sulfate, 0.6 mM EDTA, and 16.7 mM glucose, with the final pH adjusted to 7.40 by the addition of approximately 24 mM sodium bicarbonate. The perfusate was bubbled continuously with 95% oxygen and 5% carbon dioxide. No phosphate was contained in the perfusate. Therefore all 31P NMR signals must be derived from tissue phosphorus metabolites. Perfusion pressure was 110 cm of water and the reservoir temperature was 400 to 41°C. Coronary flow was removed from the NMR sample tube by vacuum aspiration. Heart rate was held in the range between 150 to 170 beats/min by right ventricular pacing with a wick soaked in saturated potassium chloride, encased in polyethylene tubing, and connected to a Grass SD-9 stimulator. To measure left ventricular contractile function, a fluid-filled latex balloon was tied to the end of a 100 cm length of PE 190 tubing, carefully purged of air bubbles, and connected via a three-way stopcock to a Statham P 23 Db transducer. Isovolumic pressure was recorded during preischemic control and postischemic reperfusion periods with a Brush two-channel direct-writing recorder. The balloon was initially inflated via a syringe with a volume of H20 sufficient to produce a end-diastolic pressure of 10 mm Hg. All subsequent measurements of developed pressure were made at this end-diastolic volume. All hearts were subjected to 3 hr of global ischemia, during which the hearts were moderately hypothermic (23°+ 10 C). Total interruption of aortic inflow was accomplished by cross-clamping the perfusion line. A 10 ml dose of cold cardioplegic solution (100 C) was rapidly injected into the aortic root via a catheter attached to a side arm located just above the heart. Subsequent 20 ml doses at 23°C were administered at 30 min intervals throughout the 3 hr period of ischemia. Forty-five minutes of normothermic perfusion (370 + 20 C) followed the period of ischemia. Recovery of left ventricular developed pressure (LVDP) was assessed after 15, 30, and 45 min of reperfusion. Postischemic recovery was calculated as a percentage of the preischemic control values. The balloon was deflated at the onset of ischemia and remained deflated throughout the ischemic period. The balloon was reinflated 15 min after initiating reperfusion with the same volume removed at the onset of ischemia, just before the first measurement of function. All hearts contracted spontaneously after reperfusion and did not require cardioversion. A control 31P NMR spectrum (300 pulses) was obtained during the preischemic period (10 min). After the onset of ischemia, three 150 pulse spectra (5 min) were sequentially obtained during 0 to 5, 5 to 10, and 10 to 15min of ischemia. A300pulse spectrum was then collected between 20 and 30 min of ischemia. This sequence of four spectra was then repeated after each dose of cardioplegic solution administered at 30 min intervals. During the normothermic (370 C) reperfusion period, 150 pulse spectra were collected during 0 to 5, 5 to 10, and 10 to 15 
Discussion
The results of this study are consistent with our previous observations, in which we used mass spectrometry to demonstrate an increase in myocardial oxygen tension after each injection of an oxygenated perfluorocarbon containing cardioplegic solution during hypothermic global ischemia in isolated perfused rabbit hearts.4 In this work, myocardial oxygen tension rose 20 mm Hg after each injection of oxygenated perfluorocarbon, whereas no change was noted after In the present work, multiple injections of the oxygenated perfluorocarbon containing cardioplegic solution maintained pHi above 7.0 throughout 3 hr of total global ischemia. The minimum pH observed at the end of each 30 min interinjection period appeared, if anything, to be rising during the second and third hours of ischemia. Likewise, the minimum PCr content observed before each injection also appeared to be rising, especially during the last 90 min of the ischemic period. ATP content remained above control levels throughout the ischemic period. These results clearly demonstrate that oxygenated perfluorocarbon cardioplegia allows excellent preservation of high-energy metabolites, which most likely is due to the efficiency of ATP and creatine phosphate production linked to mitochondrial oxidative phosphorylation. 7 The results of this study also show that the preservation of ventricular function after reperfusion correlates well with the preservation of myocardial ATP content and the prevention of intracellular acidosis during ischemia. There are several reasons why this might be the case. Membrane function as well as membrane integrity have been proposed as mechanisms by which ATP may lead to improved functional recovery.-'0
Severe declines in myocardial ATP content during ischemia were shown to correlate with irreversible damage and poor recovery of ventricular function after reperfusion. " l 12 Preservation of ATP content may also be important for minimizing loss of nucleotide bases after degradation of ATP to adenosine and other purine metabolites. With respect to changes in pH;, the decline in tissue ATP content and the development of intracellular acidosis will proceed in parallel. This Oxygenated perfluorocarbon cardioplegia also reduced the accumulation of Pi during the period of global ischemia. High levels of Pi could interfere with recovery of myocardial function by irreversibly altering the localization and thereby the function of mitochondrial creatine kinase. '4 Multidose administration of any cold cardioplegic solution would improve myocardial preservation during prolonged periods of global ischemia by several mechanisms. The first and probably most important mechanism is maintenance of myocardial hypothermia, since rates of metabolism are directly dependent on myocardial temperature. Intermittent administration of boluses of cold solution would act to counteract the tendency for spontaneous rewarming, which occurs in the clinical setting, and thus to maintain myocardial temperature in the desired range. Furthermore, hyperkalemia induces rapid and complete electrical standstill, which would further reduce rates of utilization of substrate and compounds containing high-energy phosphate during the early minutes of ischemia. Multiple doses of cardioplegic solution also provide additional substrate and buffering capacity to ischemic myocardium. The results of the present study also suggest that the glucose contained in the cardioplegic solutions is utilized to generate ATP and PCr and that the enhanced efficiency of glucose utilization by the delivery of oxygen by perfluorocarbons results in increased generation of high-energy metabolites. Intermittent doses of cardioplegic solution may also wash out accumulating metabolic end products such as hydrogen ions, carbon dioxide, and/or lactate. As an added benefit, the aerobic conditions made possible by the perfluorocarbons result in the synthesis of ATP within mitochondria, associated with the generation of hydroxyl ions, which also acts to neutralize the excess hydrogen ions generated by ATP hydrolysis. Thus tissue acidosis is markedly reduced.
In conclusion, the opportunity to maintain aerobic metabolism during prolonged periods of ischemia with oxygenated perfluorocarbon cardioplegia could provide the potential for optimizing myocardial preservation in patients who require long periods of aortic cross-clamping for the performance of complex cardiac surgical procedures.
